Domain engineered rhombohedral relaxor ferroelectric single crystals of PIN-PMN-PT have stable domain structures that increase the piezoelectric constants and reduce dielectric loss, yet modeling the energetics of the domain formation and evolution has proven challenging. In this work a 10 th order Landau-Devonshire energy function has been developed that reproduces the dielectric, piezoelectric and ferroelectric properties of PIN-PMN-PT with a composition in the rhombohedral phase near MPB. The coercive field was used to set the saddle points in the energy function governing homogeneous polarization switching. The energy function was implemented in a phase field model to simulate domain wall formation and domain evolution under applied field. The domain wall motion reduces the coercive field in the heterogeneous switching case compared to the homogeneous switching case.
INTRODUCTION
(PIN-PMN-PT) were developed to increase the phase transformation temperature and coercive field without sacrificing the superior piezoelectric properties. Most compositions of interest are in the rhombohedral phase close to morphotropic phase boundary (MPB). These crystals possess spontaneous polarizations along eight <111> pseudocubic directions. Each is called a variant to represent one type of domains that is defined as a region where neighboring cells in the lattice have the same polarization. The boundary between two different domains is a domain wall. In general, ferroelectric single crystals have multiple domains and domain walls, giving rise to complex domain structures. Poling along the <001>, <110> or <111> directions induces different domain structures in the rhombohedral crystals, leading to different volume average properties as shown in Table 1 . The crystals poled along <001> have longitudinal piezoelectric constant up to 2700 pm/V while those poled along <110> are typically used in d 32 mode to take advantage of the high transverse piezoelectric constant. Cutting and poling to obtain these engineered domain structures is referred to as domain engineering [1] [2] [3] . To date, most phase field models utilize energy functions with coefficients calibrated to describe the properties of either BaTiO 3 or PbTO 3 in the tetragonal phase. To the best knowledge of the authors, no free energy functions with coefficients that fully describe the temperature and electric field dependence of ferroelectric relaxor single crystals such as PMN-PT and PIN-PMN-PT exist. In this work we introduce a 10 th order polynomial of Landau-Devonshire energy to describe the variations of the dielectric, piezoelectric and ferroelectric properties of PIN-PMN-PT observed on cooling through the sequence of cubic (C) tetragonal (T) orthorhombic (O) rhombohedral (R) phase transformations. The effect of applied electric field on the homogeneous switching of domain engineered rhombohedral crystals is also investigated. Based on the proposed energy function, a phase field model is developed to study the evolution of domain walls under the cyclic loading of external electric field.
ENERGY FUNCTION

Energy function formation
In perovskite ferroelectric single crystals, the high temperature cubic paraelectric phase distorts into ferroelectric phases with lower symmetry as it is cooled. Taking the cubic phase as the reference state with zero energy, the LandauDevonshire energy function is expressed as a power expansion of polarization under stress free boundary condition, + f P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P α α α α α
where P i are the orthogonal components of polarization along the axes of the pseudocubic unit cell and α's are the dielectric stiffness coefficients. Here a polynomial is proposed with three 10 th order terms added to the 8 th order expansion for a more accurate description of material properties. There are in total 13 coefficients in the proposed energy function and all of them are assumed to be temperature independent except α 1 , which is determined by applying the Curie-Weiss law above the Curie temperature. The remaining coefficients are determined by fitting to the spontaneous polarization, temperatures on the rhomb lectric phase in lectric field. T ted in Table 2 . 
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PHASE FIELD
The phase field method is a powerful computational approach of modeling mesoscale morphological and microstructure evolutions in materials. The temporal evolution of polarization and the associated domain structures is governed by the time-dependent Ginzburg-Landau equation,
where L is a kinetic coefficient, t is the time and f total is the total free energy density which includes Landau-Devonshire energy f LD , gradient energy f grad , elastic energy f elas and electrical energy f elec ,
The detailed expressions of these energy terms can be found in Su and Landis 19 . In this work, a 2D phase field model was developed based on the proposed energy function in terms of P y and P z as shown in Figure 4a to look into the domain wall effect in rhombohedral crystal under external electric field. Here a single 70.5° domain wall is taken as an example. The two domains divided by the wall possess the polarization P1 = (-0.271, 0.384) C/m 2 and P2 = (-0.271, -0.384) C/m 2 respectively, which are obtained from the energy function at room temperature under zero field. Mechanical and electrical periodic boundary conditions are applied to all the boundaries of a long strip with dimension of 14nm 1 nm. Polarization are prescribed as P1 and P2 on the left and right boundary and periodic on top and bottom boundary. Under zero external field, a 70.5° domain wall with width about 1nm is formed right in the middle of the strip (Figure  5a ), given the initial condition prescribed as P1 and P2 for the left and right half of the strip. Then the domain wall starts to move with a bipolar cyclic electric field applied along z direction. Under a positive field, the left domain is in favor. The polarization gradually increases as the domain wall sweeps to the right until it is saturated with the domain wall at the right boundary ( Figure 5b ). As the field turns negative, right domain becomes favorable and pushes the domain wall back to the left end (Figure 5e ). During the whole process, the polarization evolution is heterogeneous and the domains reorient as the domain walls sweep across. Compared to the energy barriers that need to be overcome in the homogeneous switching, less energy is required to drive the domain wall sweeping, resulting in a reduced coercive field as 0.56 MV/m when it is defined at the zero polarization point of the PE curve in Figure 5h . There are some other factors that may affect the coercive field such as the geometry, gradient coefficient, loading rate and magnitude, which go beyond the scope of this paper. The simulation results show the fundamental difference in the mechanism of homogeneous and heterogeneous switching, and domain wall sweeping reduces the energy required to reorient the domains. 
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